PURPOSE. The purpose of this study was to determine whether myofibroblast differentiation altered keratocyte crystallin protein concentration and increased cellular light scattering. METHODS. Serum-free cultured rabbit corneal keratocytes and TGF␤ (5 ng/mL) induced myofibroblasts were harvested and counted and protein/RNA extracted. Expression of myofibroblast and keratocyte markers was determined by real-time PCR and Western blot analysis. The cell volume of calcein AMloaded keratocytes and myofibroblasts was determined by using nonlinear optical microscopy. Cellular light scattering of transformed myofibroblasts expressing human keratocyte crystallins was measured by reflectance confocal microscopy. RESULTS. Differentiated myofibroblasts showed a significant decrease in RNA levels for the keratocyte markers ALDH1A1, lumican, and keratocan and a significant increase in the myofibroblast marker ␣-smooth muscle actin. Volumetric and protein measurements showed that myofibroblast differentiation significantly increased cytoplasmic volume (293%; P Ͻ 0.001) and water-soluble and -insoluble protein content per cell (respectively, 442% and 431%; P Ͻ 0.002) compared to keratocytes. Western blot analysis showed that the level of ALDH1A1 protein per cell was similar between myofibroblasts and keratocytes, but was substantially reduced as a percentage of total water-soluble protein. Light scattering measurements showed that induced expression of corneal crystallins significantly decreased light scattering. CONCLUSIONS. These data suggest that myofibroblast differentiation leads to a marked increase in cell volume and dilution of corneal crystallins associated with an increase in cellular light scattering. (Invest Ophthalmol Vis Sci. 2012;53:770 -778) DOI: 10.1167/iovs.11-9092 P revious studies have shown that differentiation of keratocytes into myofibroblasts is regulated in part by transforming growth factor (TGF)-␤.
P revious studies have shown that differentiation of keratocytes into myofibroblasts is regulated in part by transforming growth factor (TGF)-␤. 1, 2 Under serum-free culture conditions, rabbit, bovine, and human corneal keratocytes maintain a quiescent phenotype, dendritic morphology, and high expression of phenotypic markers, including keratocan, lumican, and the corneal crystallins, aldehyde dehydrogenase isozymes 3A1 and 1A1 (ALDH3A1/1A1) and transketolase (TKT). [3] [4] [5] Treatment of cultured keratocytes with TGF␤ leads to cell spreading, actin filament assembly, and downregulated expression of keratocyte-specific genes that is coupled with the de novo upregulated expression of ␣-smooth muscle actin (␣-SMA), the phenotypic marker for myofibroblast differentiation. 6 Myofibroblasts play a critical role in corneal wound healing that involves deposition and organization of extracellular matrix leading to wound contraction. [7] [8] [9] Neutralizing antibodies to TGF␤ have been shown to block the appearance of myofibroblasts in corneal wounds and significantly reduce corneal scarring and the development of corneal haze. 10, 11 The loss of transparency after corneal injury and scarring has long been associated with the deposition of abnormally arranged and disorganized scar collagen. Studies have shown that in regions of scarring, collagen fibrils show a more disordered structure with greater variation in collagen fibril size and spacing that is typically associated with prolonged, if not permanent, loss of corneal transparency. [12] [13] [14] With the development of excimer laser photorefractive keratectomy (PRK), temporary loss of corneal transparency has been noted as corneal haze, which, in patients, typically peaks 3 months after PRK surgery and resolves by the end of the first year, although a late-onset corneal haze has been reported that is treated by retreatment with topical steroids. 15 Topical steroids reduce corneal inflammation, but also suppress the release of TGF␤ 16 and have been shown to reduce the appearance of corneal myofibroblasts and corneal haze after anterior lamellar keratectomy in rabbits. 17 Although corneal myofibroblasts deposit abnormal extracellular matrix, these transient changes in corneal haze that are observed after PRK are not easily explained by the process of extracellular matrix remodeling in response to topical steroids.
As an alternative explanation, a cellular basis for corneal transparency has been proposed based on the expression of keratocyte-specific corneal crystallins. 18 Corneal crystallins represent a diverse group of enzymes/proteins that are abundantly expressed by all corneal cells, exceeding more than 50% of the total water-soluble cytoplasmic protein in some species. 19 -22 Since the expression of these proteins is similar to that of the lens, both in abundance and taxon specificity, it has been suggested that corneal crystallins play a role in determining the transparent and refractive properties of the cornea through a metabolic or structural function. 23 In support of this hypothesis, expression of corneal crystallins has been shown to be environmentally and developmentally regulated with a marked increase in expression after eyelid opening, exposure to light, and development of corneal transparency.
Studies of corneal injury and wound repair in both humans and laboratory animals have shown that wound-healing fibroblasts and myofibroblasts have significantly reduced expression of corneal crystallin proteins. 18, 26 Furthermore, woundhealing fibroblasts and myofibroblasts show a marked increase in light scattering or corneal haze, as detected by in vivo confocal reflectance microscopy. 10, 27, 28 Growth factor-stimulated rabbit keratocytes in culture also show significantly reduced levels of crystallin protein and increased cellular light scattering, with TGF␤-induced myofibroblasts showing the greatest changes. 22 Although expression of corneal crystallins has been shown to correlate with cellular light scattering and corneal haze, the molecular and biophysical mechanisms affecting cellular transparency have yet to be explained. In this study, we evaluated the biophysical characteristics of keratocytes and myofibroblasts on the basis of cell size, protein content, expression of corneal crystallins, and changes in light scattering after induced corneal crystallin expression. Our findings suggest that during myofibroblast differentiation, keratocyte cell volume and protein content dramatically increase, leading to a marked dilution of corneal crystallin content. Furthermore, induced expression of corneal crystallins appears to significantly decrease light scattering in a transformed rabbit corneal myofibroblast cell line. Taken together, these findings suggest that keratocyte crystallin proteins have concentration-dependent effects on light scattering from cells, which may involve structural or enzymatic functions or both.
METHODS

Rabbit Keratocyte and Myofibroblast Culture
Keratocytes were isolated from rabbit eyes (Pel-Freez, Rogers, AR) according to previously described techniques. 1 The cells were initially plated in DMEM (Invitrogen Corp, Carlsbad, CA) containing 1% RPMI vitamin mix (Sigma-Aldrich, St. Louis, MO), nonessential amino acids (Invitrogen Corp.), 289 g/mL L-ascorbic acid 2-phosphate (SigmaAldrich), and 1% penicillin-streptomycin-amphotericin B (Invitrogen Corp.) in tissue culture dishes (Primaria; BD Biosciences Labware, Franklin Lakes, NJ) or bovine-collagen-coated (PureCol; Advanced BioMatrix, San Diego, CA) glass coverslips at a density of 1.0 ϫ 10 4 cells/cm 2 and cultured at 37°C in a humidified 5% CO 2 incubator for all experiments. The cells were allowed to attach for 3 to 4 days before the addition of TGF␤1 (5 ng/mL, Sigma-Aldrich) to induce myofibroblast differentiation. They were then cultured for 3 days to allow myofibroblast differentiation and then were used to determine RNA expression, cell fractionation, protein levels, and cell volume and for immunocytochemistry. Proteins isolated from the cells were also evaluated by Western blot analysis, according to published methods. 
Real-Time PCR Evaluation of Keratocyte and Myofibroblast Markers
Cells were lysed using RLT buffer and the RNA isolated over spin columns using the manufacturers protocol (RNeasy; Qiagen, Valencia, CA). RNA yield was determined with a spectrophotometer (Nanodrop; Thermo Scientific, Wilmington, DE). Gene expression was then evaluated by real-time PCR, according to published methods. 29, 30 Briefly, 0.5 g RNA was reverse transcribed using oligo dT and random primers as supplied in the reverse-transcription kit (QuantiTect; Qiagen). Real-time PCR was performed using SYBR green reagents (Power SYBR Green; Applied Biosystems, Inc.
[ABI], Foster City, CA) and validated real-time PCR primers for rabbit keratocyte and myofibroblast markers, as listed in Table 1 . Products were evaluated by melt curve analysis, sizing on agarose gels, and sequencing. Relative quantification was performed by the ⌬⌬ C T method, with both GAPDH and ␤-actin used as the normalizing housekeeper genes, as previously described.
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Extraction and Measurement of Water-Soluble and -Insoluble Cell Protein
Keratocytes and myofibroblasts were collected from tissue culture plates by trypsinization, washed in phosphate-buffered saline (pH 7.4), counted (Vi-Cell Cell Viability Analyzer; Beckman Coulter Inc., Miami, FL), and suspended in extraction buffer containing 25 mM Tris-HCl (pH 7.4), with 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 5 g/mL antipain, 5 g/mL pepstatin A, and 1 mM phenylmethylsulfonylfluoride (Sigma-Aldrich). The cells were sonicated at 4°C for less than 1 minute and stored for 1 hour on ice to extract the water-soluble proteins. The samples were centrifuged at 12,000g for 3 minutes and the supernatant collected. The pellet was resuspended in extraction buffer containing 0.5% SDS and the proteins boiled for 10 minutes to collect insoluble proteins. The amount of protein was determined by a DC protein assay modified for use with thiols (Bio-Rad Laboratories, Hercules, CA). For each experiment, two 10-cm dishes of cells were separately analyzed, and the protein concentration per cell was determined for each plate. Each experiment was run three separate times, and the average of the six plates is reported.
Measurement of Keratocyte and Myofibroblast Cell Volume
Keratocytes and myofibroblasts plated on coverslips were initially loaded with the fluorescent probe calcein, by incubating cells in culture medium containing 2 M calcein AM (Invitrogen Corp.) at 37°C for 30 minutes. Cell nuclei were also labeled by co-incubation with 3.3 g/mL DAPI (Invitrogen Corp.). After loading, the coverslips were transferred to an incubator chamber (Incubator S, attached to a CTI-Controller 3700; Carl Zeiss Meditec, Jena, Germany), to maintain humidity, in 5% CO 2 . The cells were then imaged by nonlinear optical microscopy (510 Meta LSM; Carl Zeiss Meditec, Inc., Thornwood, NY) using a 150-fs titanium sapphire laser (Chameleon; Coherent, Santa Clara, CA) tuned to 800 nm to excite calcein and DAPI. Calcein and DAPI emission spectra were then simultaneously collected with an NFT490 dichroic mirror combined with BP390-465 and BP500-550 IR bandpass filters.
To quantify cell volume, 3-D data stacks were collected of individual cells using the 40ϫ/1.2 NA water-immersion objective (Apochromat; Carl Zeiss Meditec) with a voxel resolution of 0.44 ϫ 0.44 ϫ 0.5 m (x, y, z). All data stacks were collected using the same laser power and detector gain settings for each experiment. Image data sets were then transferred to a workstation running image-processing software (Metamorph; Molecular Devices, Downingtown, PA). Image stacks were then thresholded using the same thresholds for each experiment, to identify positive fluorescence, and the pixel area was quantified by using the measuring subroutine for each plane. The data were then transferred to a spreadsheet (Excel; Microsoft, Redmond WA) and the total cell and nuclear volume determined by summing across all planes.
To determine cytoplasmic volume, the nuclear volume was subtracted from the total cellular volume. Two coverslips for each cell type were evaluated for each experiment, and the experiment was repeated three times. The average cytoplasmic and nuclear volumes for all cells evaluated in the three different experiments are reported.
ALDH Transfection and Measurement of Single-Cell Light Scattering
An SV40-transformed rabbit corneal myofibroblast cell line that has been shown to have constitutive expression of ␣-SMA was used 31 and stably transfected with human ALDH3A1 or ALDH1A1, as previously described. 32 Single-cell light scattering was measured by using previously reported methods. 22 Briefly, the cells were plated onto 25-mm diameter glass coverslips containing a 10-mm diameter, 50-m-thick acrylamide gel/collagen substrate. Coverslips were placed in the base ring of the artificial stromal chamber and mounted on a heat block to maintain temperature at 37°C. Through-focusing data sets were collected with a confocal microscope (Tandem Scanning Corp., Reston, VA). At least three CMTF data sets covering three to four cells were taken from three different regions for each coverslip and two coverslips for each cell type were evaluated for each experiment. To measure light scattering from single cells, 3-D data sets were transferred to a workstation (MetaMorph; Molecular Devices), and the cellular light scattering was measured as previously reported. 22 This experiment was repeated three times, and the average single-cell light scattering for each cell type for each experiment was reported.
Immunostaining of Keratocytes and Myofibroblasts
Keratocytes, TGF␤-induced myofibroblasts, and a SV40-transformed rabbit corneal myofibroblast cell line were immunostained with antibodies against ALDH3A1 and ALDH1A1, as previously described. 32, 33 Briefly, the cells were grown on collagen-coated glass coverslips and then fixed in 2% paraformaldehyde in phosphate-buffered saline (pH 7.4). They were permeabilized and reacted with rabbit anti-human ALDH3A1 or with chicken anti-rabbit ALDH1A1 (both diluted 1:100 in PBS). The samples were washed, stained with FITC-conjugated goat anti-rabbit IgG or FITC-conjugated goat anti-chicken IgY, and counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI), to identify the nucleus. The cells were then evaluated by microscope with a 40ϫ objective (LSM 510 Meta; Carl Zeiss Meditec).
Statistical Analysis
All results are reported as the mean Ϯ SD. Differences between groups were assessed by one-way ANOVA and Bonferroni multiple comparisons (Sigma Stat ver. 3.11; Systat Software Inc., Point Richmond, CA).
RESULTS
Effects on Gene Expression, Cell Volume, and Protein Concentration
Since GAPDH has been reported to be a corneal crystallin in rabbits, 22 gene expression levels for keratocyte and myofibroblast markers in tissue-cultured keratocytes and TGF␤-induced myofibroblasts were compared by normalization to ␤-actin (Table 2 ). Based on two-way ANOVA of the ⌬⌬C T values, TGF␤-induced myofibroblast differentiation significantly reduced expression of keratocyte-specific genes, including ALDH1A1 (P Ͻ 0.05), lumican (P Ͻ 0.01), and keratocan (P Ͻ . § P Ͻ 0.01 based on two-way ANOVA of
0.05) resulting in a respective 89%, 87%, and 95% loss in expression levels. In contrast, the expression level of ␣-SMA in myofibroblasts significantly increased (Ͼ1400%; P Ͻ 0.01) compared with the level expressed in the keratocytes. It should also be noted that treatment of keratocytes with TGF␤1 appeared to lead to upregulation of TGF␤1 expression by 43% and downregulation of TGF␤2 expression by 95%, although these differences were not significant in this study.
To assess changes in cell volume induced by treating keratocytes with TGF␤1 for 3 days, cells were loaded with the intracellular fluorescent dye, calcein AM, counterstained with DAPI to identify the cell nucleus, and then three-dimensionally imaged using nonlinear optical microscopy. Qualitatively, keratocytes showed a dendritic morphology with an apparent high nuclear-to-cytoplasmic ratio (Fig. 1A) compared with the polygonal shaped and highly spread morphology of myofibroblasts (Fig. 1B) . Keratocytes also appeared to be considerably flatter than myofibroblast when viewed in x-z projections (Figs. 1A, 1B, respectively) . As shown in Table 3 , quantitation of myofibroblasts cellular volume based on three-dimensional image data showed that there was a significant increase (P Ͻ 0.001) in the intracellular volume excluding the nucleus from 4,250 Ϯ 1,340 m 3 on average in keratocytes to 12,460 Ϯ 5,590 m 3 on average in myofibroblasts, for a 293% increase (Table 3 ). The nuclear volume of myofibroblasts was also significantly increased (P Ͻ 0.001); however, the nuclear-tocytoplasmic ratio was significantly lower (64%; P Ͻ 0.001) compared with that in the keratocytes.
To assess the amount of cellular protein, cells were trypsinized, counted, and fractionated into water-soluble and -insoluble fractions. Measurement of protein levels adjusted for the number of cells showed that myofibroblasts contained significantly greater (P Ͻ 0.002) water-soluble and -insoluble protein on a per cell basis, averaging 442% and 431% higher compared with keratocytes (Table 3) . However, the ratio of water-soluble to -insoluble protein per cell was not significantly different between myofibroblasts and keratocytes. Although it was not possible to directly measure the amount of protein and cell volume in the same cells, calculation of protein/cell volume from the different group measurements suggested that myofibroblasts contained approximately 151% and 147% more water-soluble and -insoluble proteins per unit cell volume than did the keratocytes.
Changes in ALDH1A1
To understand how changes in cell volume and protein expression influences corneal crystallin protein levels, keratocytes and myofibroblasts were initially immunostained with antibodies to ALDH1A1. As shown in Figure 2 , the keratocytes showed more intense immunostaining for ALDH1A1 in the cell body and dendritic cell processes (Figs. 2A, 2B ) than did the myofibroblasts (Figs. 2C, 2D ). In addition, the keratocytes showed ALDH1A1 immunostaining localized to the nucleus (Figs. 2A, 2a, arrow), whereas little or no nuclear staining was detected in the myofibroblasts (Fig. 2C, 2c , arrow). To confirm differences in ALDH1A1 expression, total protein extracts from keratocytes and myofibroblasts were subjected to Western blot analysis (Fig. 3) . When equal total proteins were loaded on each lane, there was a substantial reduction in the amount of ALDH1A1 within myofibroblasts (Myo) compared with keratocyte (RK) protein extracts. However, if an equal number of cells was loaded (ϫ10 6 cells/lane), then approximately equal levels of ALDH1A1 were detected in keratocytes and myofibroblasts. Overall, the data suggest that there was a substantial dilution of ALDH1A1 within myofibroblasts, with little degradation during the 3 days of myofibroblast differentiation.
Effects of Induced ALDH3A1/1A1 Expression on Cell Light Scattering
To evaluate the effects of corneal crystallin expression on cellular light scattering, an SV40-transformed rabbit corneal keratocyte cell line (TRK), which has been shown to constitutively express ␣SMA, 31 was transfected with expression vectors for human ALDH3A1 or ALDH1A1. Clones were then selected and evaluated for expression levels of ALDH3A1/1A1 by Western blot analysis. As shown in Figure 4 , two clones transfected with vectors showed high expression of human ALDH3A1 (lanes 6 and 7; clones 17 and 6, respectively). One clone transfected with human ALDH1A1 (lane 4; clone 20) showed elevated expression, whereas a second clone showed little or no expression (lane 5; clone 21). It should be noted that human ALDH1A1 protein appeared to have a slightly (10 higher molecular weight than did the endogenous rabbit protein. Furthermore, rabbit keratocytes lack expression of ALDH3A1. 18 To confirm expression patterns, transfected cells were immunostained with antibodies to ALDH3A1 (Fig. 5) . Although transfected cells maintained a spread myofibroblast morphology, cells showed intense immunostaining throughout the cell cytoplasm, similar to that detected in normal rabbit keratocytes. However, clone 6 (Figs. 5A, 5B) showed nuclear localization of ALDH3A1 (arrow), whereas clone 17 (Figs. 5C, 5D ) showed no nuclear ALDH3A1 (arrow). Immunostaining of the clone 20 with expression of ALDH1A1, showed a similar intense staining pattern with nuclear co-localization to that of clone 6 (data not shown).
Individual clones were then plated onto acrylamide/collagen-coated substrates and evaluated for cellular light scattering in an artificial corneal chamber. In each experiment, lightscattering measurements were obtained from all four clones on the same day, and the experiment was repeated three times. As shown in Figure 6 , light scattering from clone 20 (1A1 C20) and clone 6 (3A1 C6) were significantly lower (P Ͻ 0.026 and P Ͻ 0.006, respectively) than the light scattering measured from the empty vector clone (pCEP4) based on statistical evaluation of the average of all three independent experiments. Although light scattering from clone 17 (3A1 C17) was less than that of the empty vector clone and although individual experiments 1 and 3 showed significantly lower light scattering, the data from the three independent experiments was not significantly different. 5; clones 20 and 21) . Note that TRK show no expression of ALDH3A1 and low expression of ALDH1A1 compared to normal keratocytes. Furthermore, the molecular weight of human ALDH1A1 appears to be slightly greater than that of rabbit ALDH1A1.
FIGURE 5.
Immunostaining for ALDH3A1 (green) of clone 6 (A, B) and clone 17 (C, D) transfected with the ALDH3A1 expression vector. Both clones showed intense cytoplasmic ALDH3A1 staining. However, clone 6 also showed nuclear localization of ALDH3A1 (A and a, arrow) that was not observed in clone 17 (B and b, arrow) . The nuclear localization was also confirmed by co-localization with DAPI (blue; B and D), and in x-z optical sections through the nuclear region (a-d).
DISCUSSION
This article establishes for the first time that TGF␤-induced myofibroblast differentiation in culture leads to significant changes in rabbit corneal keratocyte cell volume and total protein expression resulting in a 293% increase in cell size and a 442% increase in cellular protein on a per cell basis. The increase in cell size and protein content was also accompanied by a significant decrease in RNA expression for the corneal crystallin, ALDH1A1, as well as other keratocyte-specific genes. Western blot analysis of protein extracts based on equal protein load compared with an equal number of cells indicated that the amount of ALDH1A1 on a per cell basis was not changed, whereas the contribution to total protein was substantially decreased. Taken together, these findings establish that increased cell size and protein synthesis during myofibroblasts differentiation leads to the dilution of corneal crystallins within keratocytes. Our finding that enhanced expression of human ALDH1A1 and 3A1 after transfection of a myofibroblast cell line results in decreased cellular light scattering further suggests that the dilution of corneal crystallins may explain in part increased cellular light scattering of myofibroblasts and the development of corneal haze after refractive surgery.
Although past studies have noted that myofibroblast differentiation involves a dramatic change from a dendritic to a spread morphology, 1,34 the effect of this change on cell size and protein content has not been measured. The expression of corneal crystallins in keratocytes has been studied and shown to be substantially decreased by culture in serum-or growth factor-supplemented medium. 22, 26, [35] [36] [37] Studies of TKT, an abundantly expressed mammalian corneal crystallin, have also established that the transition of keratocytes to serum-cultured, repair fibroblasts involves degradation of TKT by the ubiquitinproteasome pathway. 36 However, there has been conflicting evidence regarding the expression of TKT in cultured myofibroblast, with one report suggesting that corneal crystallin protein expression is uncoupled from TGF␤-induced myofibroblast differentiation. 37 Our current results support and extend these earlier findings and indicate that corneal crystallins are not substantially degraded during early myofibroblast differentiation. Nevertheless, the loss of ALDH1A1 expression coupled with the dramatic increase in cell volume and protein content indicates that the cellular concentration of corneal crystallins can be dramatically altered without ubiquitin-proteasome degradation. Furthermore, these and earlier findings showing increased/decreased cellular light scattering in cells with decreased/increased corneal crystallin protein content strongly suggest that corneal crystallins have concentration-dependent effects on corneal transparency. This concentration dependency may provide important clues to the cellular and biophysical mechanisms relating cellular transparency to corneal crystallin protein expression.
ALDH1A1 and ALDH3A1 are mammalian corneal crystallins, commonly expressed in a taxon-specific pattern, which can comprise greater than 50% of the total water-soluble protein within corneal keratocytes.
22 ALDH3A1/1A1 are members of a superfamily of NAD(P) ϩ -dependent enzymes that are involved in the metabolism of highly toxic and long-lived lipid peroxides and aldehydes, including 4-hydroxy-2-nonenal and malondialdehyde. 38 These enzymes are thought to play a critical role in the protection of the cornea and lens to UV-induced damage through multiple mechanisms including absorption of UV light, 39 metabolism of toxic aldehydes, 40, 41 direct free radical scavenging, 32, 42 and production of antioxidant NAD(P)H. 33 The sum of these actions may help block oxidative stressinduced protein modifications leading to enzyme inactivation, partial unfolding, and non-native protein aggregation. Oxidative stress and protein modification are thought to play important roles in the formation of cataract, 43 suggesting that a similar mechanism is involved in the development of corneal haze and increased light scattering after corneal injury and repair. In support of this hypothesis, we have shown that stably transfected myofibroblast cell lines expressing ALDH3A1 protect against oxidative damage due to a range of oxidants, including H 2 O 2 , mitomycin C, and etoposide,. 32 Our finding that myofibroblasts with induced ALDH3A1/1A1 expression show significantly reduced cellular light scattering is also consistent with protection against oxidative stress leading to protein aggregation. It should be noted that although the induced expression is significantly above that detected in the parental cell clone, the level of crystallin protein expression remains substantially below that of native keratocytes, suggesting perhaps an enzymatic rather than structural role of corneal crystallins. Similarly, recent findings 44 that mice deficient in ALDH3A1 and ALDH1A1 show increased development of cataract and increased corneal and lens sensitivity to UV damage leading to greater corneal edema and haze provide additional support for corneal crystallins playing an antioxidant/enzymatic role in the maintenance of corneal transparency through inhibiting protein aggregation.
Alternatively, the effects of ALDH1A1 on light scattering may be associated with other structural mechanisms involving protein-protein interactions. ALDH1A1 is a multifunctional protein and protein-protein interactions as well as proteinsmall molecule interactions may be expected in the keratocytes as it occurs in other cell types. 45 As discussed by Møller-Pederson, 27 dipolar electrical properties of proteins may influence the cytoplasmic structure leading to reduced large particle light scattering. Such biophysical mechanisms may be analogous to the effects of collagen fibril size and spacing, influencing light scattering from the extracellular matrix in the cornea. Certainly, additional studies are needed to more clearly understand the role of ALDH3A1/1A1 in keratocyte cell function.
An additional finding in this study was the observation that the nuclear localization of ALDH1A1 is lost during TGF␤-induced myofibroblast differentiation. Although the function of nuclear ALDH is unknown, previous studies in human corneal epithelial cells lines have shown that stable transfection of ALDH3A1 leads to elongation of the cell cycle, suggesting that ALDH3A1 may serve as a negative cell cycle regulator. 41 That ALDH1A1 may serve a similar nuclear function is supported by the fact that keratocytes are quiescent and do not enter the cell cycle, whereas myofibroblasts are proliferative. The two myofibroblast cell lines stably transfected with ALDH3A1 showed either nuclear localization or nuclear exclusion. Since the parental myofibroblast cell line is from an SV40 transfection, which effects cell cycle entry, no difference in proliferative potential between these two cell lines was identified. However, it should be noted that the cell line showing nuclear localization did show significantly lower light scattering, suggesting the nuclear ALDH1A1 may have dual functions regarding cell cycle entry and light scattering. Future studies evaluating the effects of ALDH1A1 and/or ALDH3A1 in cell cycle progression in keratocytes are needed.
Finally, there are several limitations to this study. First, the cell volume measurements were based on fluorescent imaging of calcein, and as such, the volumes measured are most likely representative and are not a true measure of the cell volume. Furthermore, significant quenching of calcein fluorescence is known to occur when high concentrations accumulate inside the cell and therefore differences in loading of different cell types may affect fluorescence intensity and the volume measurements. Since there is no reason is suspect that calcein would accumulate to greater concentration in either myofibroblasts or keratocytes, the relative differences measured in this study should be an accurate representation of the actual difference in cell volume. It should be noted, however, that the myofibroblasts appeared to contain ϳ50% more protein per cell volume than did the keratocytes. If the amount of protein per cell volume is constant to maintain osmotic equilibrium, then the differences in cell volume of keratocytes and myofibroblasts may be 50% greater.
A second limitation of this study is the measurement of single-cell light scattering. Reflectance confocal microscopy measures scattering 180°from the incident light and as such is not a true measure of light scattering. However, it should be noted that assessment of corneal haze as made by slit lamp examination for the most part uses backscattered light, and therefore the differences noted in the present study would be similar to that potentially observed in living corneas.
In conclusion, the data from this study indicate for the first time that myofibroblast differentiation leads to a dramatic increase in cell size and protein content that markedly dilutes the concentration of intracellular keratocyte corneal crystallins. Based on these findings we propose that dilution of corneal crystallin reduces the protective and antioxidant effects of corneal crystallins leading to protein modification, aggregation, and increased light scattering. As such, the mechanism of haze in the cornea and cataract formation in the lens may have similar molecular mechanisms; that is, corneal crystallins serve a similar if not identical function to that of lens crystallins. Indeed, it is well recognized that many of the lens crystallins have been identified as corneal crystallins, suggesting a parallel evolutionary development. Further studies on corneal crystallins are needed to further test this hypothesis.
